2 The abbreviations used are: SeV, Sendai virus; EGFP, enhanced green fluorescent protein; SAXS, small angle X-ray scattering; STAT1, signal transducer and activator of transcription 1; STAT2, signal transducer and activator of transcription 2; VSV, vesicular stomatitis virus; EOM, ensemble optimization method; RU, response unit; aa, amino acid(s); SH2, Src homology domain 2.
Sendai virus (SeV), which causes respiratory diseases in rodents, possesses the C protein that blocks the signal transduction of interferon (IFN), thereby escaping from host innate immunity. We previously demonstrated by using protein crystallography that two molecules of Y3 (the C-terminal half of the C protein) can bind to the homodimer of the N-terminal domain of STAT1 (STAT1ND), elucidating the mechanism of inhibition of IFN-␥ signal transduction. SeV C protein also blocks the signal transduction of IFN-␣/␤ by inhibiting the phosphorylation of STAT1 and STAT2, although the mechanism for the inhibition is unclear. Therefore, we sought to elucidate the mechanism of inhibition of the IFN signal transduction via STAT1 and STAT2. Small angle X-ray scattering analysis indicated that STAT1ND associates with the N-terminal domain of STAT2 (STAT2ND) with the help of a Gly-rich linker. We generated a linker-less recombinant protein possessing a STAT1ND: STAT2ND heterodimeric structure via an artificial disulfide bond. Analytical size-exclusion chromatography and surface plasmon resonance revealed that one molecule of Y3 can associate with a linker-less recombinant protein. We propose that one molecule of C protein associates with the STAT1:STAT2 heterodimer, inducing a conformational change to an antiparallel form, which is easily dephosphorylated. This suggests that association of C protein with the STAT1ND:STAT2ND heterodimer is an important factor to block the IFN-␣/␤ signal transduction.
Sendai virus (SeV), 2 which is known as a virus causing acute respiratory infection in mice, belongs to the genus Respirovirus of the family Paramyxoviridae and has a negative-sense, singlestranded RNA genome. SeV has two accessory proteins, V and C, that are not essential for viral multiplication but have a role in increasing viral growth and pathogenicity (1) (2) (3) (4) (5) . V protein is produced using a V mRNA transcribed from the P gene, into which one G residue is inserted at the editing point, and it suppresses induction of IFN-␤ by interaction with a virus RNA sensor protein, melanoma differentiation-associated gene 5, and its downstream transcription regulator, interferon regulatory factor-3 (6, 7) . On the other hand, C proteins comprise a nested set of four independently initiated and carboxyl-coterminal proteins C (amino acids (aa) 1 to 204), Y1 (aa 24 to 204), Y2 (aa 30 to 204), and CЈ (with an 11-aa addition to the N terminus of C) (Fig. 1A) , and are translated from P and V mRNAs in a different reading frame from that of P and V proteins. Among C proteins species, C is mainly expressed in the infected cells (reviewed in Refs. 8 and 9).
C protein regulates viral RNA synthesis to reduce IFN-inducing RNA species (10 -12) as well as controlling viral genome polarity (13, 14) . In addition, C protein facilitates the budding of matured viral particles (12) (13) (14) (15) (16) (17) (18) (19) . Therefore, SeV can effectively produce particles at the late stage after infection when C protein is accumulated. Furthermore, C protein blocks the signal transduction of IFN-␣/␤ by inhibiting phosphorylation of Tyr 701 in transcription factor STAT1 and phosphorylation of Tyr 690 in STAT2, in which inhibition of the Tyr phosphorylation of STAT2 is pivotal in inhibition of the signal transduction (20 -22) . On the other hand, binding of C protein to STAT1 seems to be important to block the signal transduction of IFN-␣/␤ (23, 24) . STAT1 and STAT2 have a common domain structure, in which an N-terminal domain is linked to a core fragment, including a DNA-binding domain, SH2 domain, and tyrosine residue targeted for phosphorylation, via a linker peptide, and immediately followed by a transactivation domain (25) (Fig.  1B) . The N-terminal domain of STAT1 is responsible for dimerization in its non-phosphorylated form. Because of the flexibility between the N-terminal domain and core fragment, STAT1 and STAT2 have a diversity of structures. Non-phosphorylated STAT1 generates a homodimer in a parallel form in which two SH2 domains are oriented in the same direction or in an antiparallel form in which two SH2 domains are oriented in opposite directions (26 -28) . After stimulation by IFN-␥, STAT1 is converted into a DNA-binding form in which phosphorylated Tyr 701 interacts with the SH2 domain in the other subunit, together with the disappearance of interaction between the two N-terminal domains (29, 30) .
C protein blocks the signal transduction of IFN-␥ (31, 32) . The C-terminal half of C protein (aa 99 -204, named Y3; Fig. 1A) associates with the N-terminal domain of STAT1 (STAT1ND). In a previous report, we proposed the inhibition mechanism of STAT1 activation by C protein on the basis of the structure of the Y3-STAT1ND complex determined by X-ray crystallography (33) . That is, with the association of one molecule of C protein, the STAT1 homodimer is induced to take the antiparallel form, in which STAT1 is easily dephosphorylated on Tyr 701 . On the other hand, with the association of two molecules of C protein, the STAT1 homodimer takes the parallel form, in which STAT1 is resistant to dephosphorylation. However, C protein strengthens the binding of two STAT1NDs and forms high-molecular-weight complexes with phosphorylated STAT1, preventing STAT1 from binding to a ␥-activated sequence. On the other hand, it remains unclear how C protein inhibits IFN-␣/␤-induced phosphorylation of both STAT1 and STAT2.
In this study, we found that the inhibition of IFN-␣-induced phosphorylation of STAT1 and STAT2 by C protein is partly explained by the action of the Y3 domain that can bind to STAT1ND. Small angle X-ray scattering (SAXS) and mutational analyses demonstrated the inhibition mechanism of STAT2 phosphorylation by the Y3 domain of C protein in a STAT1-dependent manner. It was also revealed that C protein inhibits phosphorylation of STAT2 in both STAT1-dependent and -independent manners.
Results

Association of C protein with STAT1
We first confirmed inhibition of signal transduction in cells transiently expressing Y3. 293T cells were transfected with the reporter plasmid pISRE-EGFP together with a plasmid for expression of the FL-C protein and its deletion mutants, FL-Y1 and FL-Y3 ( Fig. 1A ). IFN-␣ was added to the cell culture medium at 6 h post-transfection, and the cells were observed by fluorescent microscopy at 24 h post-transfection ( Fig. 1C ). IFN-␣-induced fluorescence from pISRE-EGFP was restricted by co-expression of FL-C and FL-Y1. Fluorescence was also inhibited by FL-Y3 with a slightly reduced efficiency (Fig. 1C ). Binding capacities of C protein with STAT1 and STAT2 were analyzed by an immunoprecipitation method using mixtures of cell lysates prepared from HeLa cells that express HA-STAT1, HA-STAT2, or FL-C. Immunoprecipitation of the mixtures with an anti-FLAG tag antibody and subsequent Western blot analysis showed that C protein associates with STAT1 but not with STAT2 ( Fig. 1D ). Although C protein may interact with STAT2 via the association with STAT1, an interaction between C protein and STAT2 was not observed even in the presence of a large amount of STAT1.
To confirm that C protein associates with STAT1ND, FL-C or FL-Y3 was transfected with HA-STAT1 or HA-STAT1⌬N. Western blot analysis showed that C protein and Y3 could not associate with STAT1⌬N, unlike the full-length STAT1, indicating that STAT1ND is important for association with C protein ( Fig. 1E ).
Inhibition of STAT1 phosphorylation by C protein
To investigate whether association between C protein and STAT1 is essential for the inhibition of IFN-␣-induced STAT1 phosphorylation, HA-STAT1 was expressed with FL-C or FL-Y3 in STAT1-null U3A cells. Because the expression level of FL-C was higher than that of FL-Y3 when the same amount of each plasmid was applied, the amount of the FL-C plasmid was reduced to adjust the expression level of FL-C to that of FL-Y3. At 30 min after stimulation with IFN-␣, which was added at 24 h after transfection, the cell lysate was prepared. Western blot analysis showed that phosphorylation of HA-STAT1 was almost completely inhibited in the presence of FL-C protein (Fig. 2 , A and C). HA-STAT1⌬N was also phosphorylated at Tyr 701 in the presence of IFN-␣, indicating that STAT1ND is not essential for the phosphorylation ( Fig. 2A ). Interestingly, STAT1⌬N was phosphorylated at a low level in the absence of IFN-␣. FL-C protein also significantly inhibited the phosphorylation of HA-STAT1⌬N (Fig. 2 , A and C). On the other hand, as shown previously (33) , FL-Y3 inhibited the IFN-␣-induced phosphorylation of HA-STAT1 more weakly than did FL-C protein, and FL-Y3 much more weakly inhibited the phosphorylation of HA-STAT1⌬N (Fig. 2, B and C) .
These results indicate that the action of C protein for inhibition of STAT1 phosphorylation cannot be explained solely by its ability to associate with STAT1ND. The N-terminal region (aa 1-97) of C protein seems to be important for the STAT1ND-independent inhibition of STAT1 phosphorylation. The localization of C protein may be important for the inhibition, because the N-terminal 1-23-aa region has been reported to cause membrane association (34) . However, STAT1ND is likely to be essential for inhibition of STAT1 phosphorylation by the C-terminal half of C protein, Y3.
Inhibition of STAT2 phosphorylation by C protein
To investigate the effects of C protein on STAT2 phosphorylation, FL-STAT2 or FL-STAT2⌬N were expressed with FL-C or FL-Y3 in STAT2-null U6A cells. In this case, the amount of each plasmid was also adjusted so that the expression level of FL-C became equivalent to that of FL-Y3. After stimulation with IFN-␣ for 1 h, FL-C protein was also found to considerably inhibit the phosphorylation of FL-STAT2⌬N as well as that of full-length FL-STAT2 ( Fig. 3, A and D) . On the other hand, FL-Y3 inhibited the phosphorylation of FL-STAT2 at a lower rate than FL-C protein did, and the ratio of FL-pSTAT2⌬N versus FL-STAT2⌬N indicates that FL-Y3 inhibited the FL-STAT2⌬N phosphorylation moderately ( Fig. 3, B and D) .
The phosphorylation state of endogenous STAT2 was also analyzed using STAT1-null U3A cells transiently expressing FL-C or FL-Y3 after stimulation with IFN-␣. However, the analysis was difficult probably because of the low expression level of STAT2 or the low sensitivity of the antibody against phosphorylated STAT2. To increase the intracellular expression level of STAT2, U3A cells were transfected with an expression vector for FL-STAT2 together with an expression vector Inhibition mechanism of the STAT1:STAT2 heterodimer for FL-C or FL-Y3. The results showed that FL-C protein significantly inhibited the phosphorylation of FL-STAT2 in the absence of STAT1 as it did in the presence of STAT1 ( Fig. 3 , C and D). On the other hand, FL-Y3 hardly inhibited the phosphorylation of FL-STAT2 in the absence of STAT1.
These results indicate that C protein inhibits the IFN-␣-induced phosphorylation of STAT2 in at least two different ways, STAT1-dependent and STAT1-independent. It is likely that Y3 predominantly inhibits the phosphorylation in a STAT1-dependent way. STAT2ND seems to be important for the STAT1-dependent inhibition of STAT2 phosphorylation by C protein.
Association of STAT1ND with STAT2ND
Considering that STAT2ND displays a high sequence homology to STAT1ND (identity ϭ 46.9%), STAT1ND may interact with STAT2ND to generate a heterodimer, similar to the STAT1ND homodimer. At first, we tried to detect interaction between STAT1ND and STAT2ND by using ProS2-STAT1ND and STAT2ND separately purified from Escherichia coli cell lysate (supplemental Fig. S1 ). Although size-exclusion chromatography indicated that the homodimerization of ProS2-STAT1ND was not impaired, interaction between STAT1ND and STAT2ND was not detected, probably due to weakness of the association under a general condition. Thus, we generated a STAT1ND:STAT2ND fusion protein linked by a Gly-and Serrich linker-peptide consisting of 40 amino acids (Fig. 4A ).
The distance distribution function P(r) of the fusion protein obtained by SAXS analysis showed a single peak with no tailing. The maximum dimension (D max ) of particles was estimated to be 75 Å ( Fig. 4B ). D max of the STAT1ND:STAT2ND heterodimer model (72 Å), which was created on the basis of the crystal structure of the STAT1ND homodimer ( Fig. 4C ), is in good agreement with the estimated value. The structure of the fusion protein is thought to be compact like that of the STAT1ND:STAT2ND heterodimer model, whereas the linker peptide between STAT1ND and STAT2ND may be flexible. A dummy atom model, reconstructed from experimental SAXS data by using the program DAMMIF, also showed good agree- A portion of the cell lysates prepared at 24 h post-transfection were mixed as indicated and immunoprecipitated (IP) with an anti-FLAG antibody (Anti-FL) together with protein G-Sepharose. The immunoprecipitates were separated by SDS-PAGE followed by Western blot analysis (WB) using an anti-HA antibody (Anti-HA) and anti-FL antibody. A part of the cell lysates was used to confirm protein expression using anti-HA and anti-FL antibodies. E, HeLa cells were transfected with an expression vector for HA-STAT1 or HA-STAT1⌬N together with an expression vector for FL-C or FL-Y3. At 24 h post-transfection, the cell lysate was immunoprecipitated with anti-FL antibody and analyzed by Western blotting using anti-HA and anti-FL antibodies. *, a light chain of IgG. ment with the STAT1ND:STAT2ND heterodimer model ( Fig.  4C ). No electron density corresponding to the linker peptide was observed in the dummy atom model, suggesting that the linker peptide fluctuates in a solution.
Based on the ensemble optimization method (EOM), an ensemble structure of the STAT1ND:STAT2ND fusion protein was made by using an experimental scattering curve and atomic coordinates of STAT1ND and STAT2ND connected by a flexible linker (supplemental Fig. S2 ). Although each structure obtained by the EOM was dissimilar to that of the STAT1ND homodimer, all of the structures were compact. Next, we fixed the relative orientation between STAT1ND and STAT2ND as in the STAT1ND:STAT2ND heterodimer model and rebuilt the ensemble model. The resultant ensemble structure exhibited good agreement with the experimental scattering curve (Fig. 4 , D and E). Heterodimerization of STAT1ND and STAT2ND is likely to occur in a manner similar to that for the homodimerization of STAT1ND.
In the models, Arg 88 and Arg 92 of STAT2ND interact with Glu 16 and Asp 23 of STAT1ND, respectively ( Fig. 4F ). To validate the heterodimeric model, Arg 88 and Arg 92 of STAT2ND were each replaced by Glu and the mutated fusion proteins were analyzed by size-exclusion chromatography. The estimated molecular masses of STAT1ND:STAT2ND R88E fusion protein (49.7 kDa) and STAT1ND:STAT2ND R88E-R92E fusion protein (61.1 kDa) were larger than that of the wild-type fusion protein (37.5 kDa) ( Fig. 4G ), suggesting that the whole structure of the mutants was not compact.
Inhibition of IFN-␣ signal transduction in the presence of STAT2 variants
Co-immunoprecipitation experiments showed that R88E and R92E mutations in FL-STAT2 have no influence on the interaction with wild-type HA-STAT2 ( Fig. 5A ), indicating that homodimerization of STAT2 is not impaired by the mutations. To examine whether interaction between STAT1ND and STAT2ND is related to the inhibition of STAT2 phosphorylation by Y3, FL-STAT2 or the R88E mutant (FL-STAT2 R88E ) or R88E-R92E mutant (FL-STAT2 R88E-R92E ) were transiently expressed with FL-Y3 in U6A cells. The amount of the FL-Y3 plasmid co-transfected with FL-STAT2 R88E or FL-STAT2 R88E-R92E was adjusted so that expression levels of FL-Y3 became equivalent. At 1 h after stimulation with IFN-␣, inhibition rates of phosphorylation in FL-STAT2 R88E or FL-STAT2 R88E-R92E by FL-Y3 were significantly decreased ( Fig.  5, B and C). The inhibition rates were comparable with that in FL-STAT2⌬N ( Fig. 5C , data from Fig. 3D ). These results suggest that interaction between STAT1ND and STAT2ND is necessary for the STAT1-dependent inhibition of STAT2 phosphorylation by C protein. On the other hand, although endogenous STAT1 was not phosphorylated in response to stimulation with IFN-␣ in U6A cells, it was phosphorylated Inhibition mechanism of the STAT1:STAT2 heterodimer when FL-STAT2 or one of the mutants was transiently expressed (Fig. 5, B and D). In the case of FL-STAT2 R88E or FL-STAT2 R88E-R92E -expressed cells, the phosphorylation level of STAT1 was decreased to about half. An interaction between STAT1ND and STAT2ND may promote the IFN-␣induced phosphorylation of STAT1. Additionally, phosphorylated STAT1 was accumulated by Y3 in FL-STAT2 R88E or FL-STAT2 R88E-R92E -expressed cells. Long-term IFN-␣ stimulation causes accumulation of phosphorylated STAT1 in C protein-expressing cells (21) . Loss of the interaction between STAT1ND and STAT2ND may facilitate the accumulation of phosphorylated STAT1 by C protein.
To investigate the strength of signal transduction, U6A cells constitutively expressing wild-type FL-STAT2 (U6A-STAT2 WT cells), the R88E mutant (U6A-STAT2 R88E cells), or the R88E-R92E mutant (U6A-STAT2 R88E-R92E cells) were established. Western blot analysis showed that expression levels of wild-type FL-STAT2 and the mutants in U6A cells were comparable ( Fig. 6A ). After each cell line had been transfected with pISRE-EGFP or pCAG-EGFP, the cell lysate was prepared for Western blot analysis to detect the expression of EGFP. The basal expression levels of EGFP under control of the ISRE promoter were different in U6A cells. However, it was confirmed that the expression level of EGFP under control of the ISRE promoter was correlated to that under control of the actin pro-moter. The difference in the basal expression levels of EGFP seems to be mainly due to the transfection efficiency of the cells (Fig. 6B ).
Each cell line was transfected with pISRE-EGFP along with the expression vector of FL-C or FL-Y3 to investigate the response after addition of IFN-␣ ( Fig. 6C ). Although U6A cells were unresponsive to IFN-␣, FL-C protein seemed to inhibit the basal activity level of the ISRE promoter. As in U6A cells, a specific response after stimulation with IFN-␣ was weak in U6A-STAT2 R88E-R92E cells, suggesting that the innate immunity system is disordered by the mutation. On the other hand, IFN-␣ induced EGFP expression in U6A-STAT2 WT and U6A-STAT2 R88E cells. FL-C protein was found to inhibit the signal transduction of IFN-␣ in U6A cells expressing FL-STAT2 or its mutants. On the other hand, the rate of inhibition of signal transduction by FL-Y3 was decreased in U6A-STAT2 R88E and U6A-STAT2 R88E-R92E cells compared with that in U6A-STAT2 WT cells, indicating that interaction between STAT1ND and STAT2ND is important for Y3 to block the IFN-␣ signal transduction.
Importance of interaction between STAT1ND and STAT2ND in SeV-mediated inhibition of signal transduction
To determine whether interaction between STAT1ND and STAT2ND is important for SeV to escape from host innate Inhibition mechanism of the STAT1:STAT2 heterodimer immunity, SeV-infected U6A cells or the derivatives were superinfected with recombinant vesicular stomatitis virus expressing enhanced GFP (rVSV-EGFP) in the absence or presence of IFN-␣. After incubation for 10 h, EGFP expression was evaluated by Western blot analysis using an anti-GFP antibody (Fig. 7A ). The expression level of EGFP in U6A cells, showing VSV replication, was almost unchanged by the addition of IFN-␣ and/or by SeV infection probably because of STAT2 deficiency. On the other hand, VSV replication in mock-infected U6A cells in which FL-STAT2 or its mutants had been introduced was reduced in the presence of IFN-␣, although the rates of reduction in VSV replication in U6A-STAT2 R88E and U6A-STAT2 R88E-R92E cells were lower than in U6A-STAT2 cells. The innate immunity system seems to be partially impaired by mutations in STAT2. The decrease in the response to IFN-␣ was more pronounced in U6A-STAT2 R88E-R92E cells than in U6A-STAT2 R88E cells.
VSV replication was increased in SeV-infected U6A-STAT2 cells compared with that in mock-infected U6A-STAT2 cells in the presence of IFN-␣, indicating that SeV inhibits the signal transduction. However, the rate of increase in VSV replication caused by SeV infection was lower in U6A-STAT2 R88E and U6A-STAT2 R88E-R92E cells than in U6A-STAT2 cells (Fig. 7A) .
To compare the anti-IFN-␣ actions of SeV among the established U6A cells, the ratio of EGFP expression in IFN-␣-treated SeV-infected cells to that in IFN-␣-treated mock control cells was calculated. As shown in Fig. 7B , the ratio in U6A-STAT2 R88E cells was lower than that in U6A-STAT2 cells. In addition, the ratio in U6A-STAT2 R88E-R92E cells was decreased to about 1, indicating that the anti-IFN-␣ effect of SeV had almost disappeared.
Western blot analysis using U6A cells transfected with pISRE-EGFP, a reporter plasmid for ISRE promoter activity, showed that the expression level of EGFP in U6A cells was Inhibition mechanism of the STAT1:STAT2 heterodimer almost unchanged by the addition of IFN-␣ and/or by SeV infection (Fig. 7C ). Similar results were obtained when U6A-STAT2 R88E-R92E cells were used, suggesting that R88E and R92E double mutations severely inhibited ISRE signal transduction. In the case of U6A-STAT2 and U6A-STAT2 R88E cells, ISRE signal transduction was responsive to IFN-␣, and SeV infection moderately decreased EGFP expression, suggesting that SeV weakened the antivirus action of the added IFN-␣ (Fig.  7C ). The ISRE promoter was strongly driven by IFN-␣ in U6A-STAT2 R88E cells and it was more strongly driven than in U6A-STAT2 cells, but the reason is unknown. In summary, interaction between STAT1ND and STAT2ND seems to be important for the regulation of IFN-␣-induced innate immunity, and SeV efficiently inhibits IFN-␣ signal transduction in the presence of STAT1ND-STAT2ND interaction.
Interactions among Y3, STAT1ND, and STAT2ND
When STAT1ND forms a homodimer, His 19 in one subunit is close to His 81 in the other subunit. To generate a linker-less recombinant protein possessing a STAT1ND:STAT2ND het-erodimeric structure, a STAT1ND mutant, in which His 19 was replaced by Cys, was linked to a STAT2ND mutant, in which His 85 (corresponding to His 81 in STAT1ND) was replaced by Cys, via a linker peptide harboring two thrombin-recognition sites (Fig. 8A) . After purification, the fusion protein was incubated in the presence of oxidant cystine to facilitate the formation of a disulfide bond, followed by digestion with thrombin to remove the linker peptide. Analytical size-exclusion chromatography showed that the estimated molecular mass of the resulting protein was 39 kDa in the presence of 0.5 mM cystine, which is close to the calculated molecular mass (33 kDa) based on the sequence. However, the estimated molecular mass in the presence of a reductant (1 mM dithiothreitol) was 18 kDa, which is close to the calculated molecular masses of STAT1ND (16 kDa) and STAT2ND (18 kDa) ( Fig. 8B) . Although STAT1ND and STAT2ND at high concentrations are known to form a homodimer, it is unlikely that the conditions used in the experiment were sufficient for formation of a homodimer. Furthermore, the experimental scattering curve of the resulting protein, which was obtained by SAXS measurement, exhibited . Proteins in the cell extracts were separated by SDS-PAGE for Western blot analysis using anti-pSTAT2, anti-FL, anti-STAT1, and anti-phosphorylated STAT1 antibodies. C, the rate of phosphorylation inhibition was determined on the basis of averaged signal intensity of FL-pSTAT2 in B, which was calculated from three independent experiments. Signal intensity of FL-STAT2 was used as an internal standard. D, relative quantities of phosphorylated STAT1 were determined on the basis of the average signal intensity of pSTAT1 in B, which was calculated from three independent experiments. Signal intensity of STAT1 was used as an internal standard.
Inhibition mechanism of the STAT1:STAT2 heterodimer
good agreement with the calculated scattering curve of the STAT1ND:STAT2ND heterodimer model (Fig. 8C) . These results indicate that the resulting protein takes a heterodimeric structure similar to the STAT1ND homodimeric structure.
We found that replacement of the Trp 125 residue with Ala in Y3, which is located on a molecular surface distant from the STAT1ND-binding site (supplemental Fig. S3 ), facilitated in vitro analysis by increasing the solubility of Y3. We thus used Y3 W125A instead of Y3 in the following experiments. To examine whether Y3 binds to the disulfide-bonded STAT1ND: STAT2ND heterodimer, the heterodimer was fractionated by analytical size-exclusion chromatography in the presence of Y3 W125A , and analyzed by SDS-PAGE (Fig. 8D) . The results of silver staining and Western blot analyses using an anti-C protein antibody showed that Y3 W125A was co-eluted with the disulfide-bonded STAT1ND:STAT2ND heterodimer. To elucidate the stoichiometry of Y3 to the disulfide-bonded STAT1ND:STAT2ND heterodimer by SAXS analysis, a fully Y3-bound heterodimer was prepared from a mixture of the heterodimer with an excess of Y3 by using size-exclusion chromatography. However, errors of the experimental molecular weight and radius of gyration (R g ) of the complex measured by SAXS analysis are too large to distinguish one Y3-bound and two Y3-bound types (supplemental Table S1 ).
We also performed binding analysis by a surface plasmon resonance (SPR) experiment to determine the stoichiometry Figure 6 . Response to IFN-␣ of U6A cells constitutively expressing STAT2 mutants. A, quantification analysis of constitutively expressed wild-type or a mutant of FL-STAT2 in U6A cells. The cell lysate was analyzed by Western blotting using an anti-STAT2 antibody (anti-STAT2) and anti-actin antibody (antiactin). B, comparison of ISRE reporter activities at the basal level in U6A cells constitutively expressing wild-type or a mutant of FL-STAT2. To estimate the strength of ISRE reporter activities in the absence of IFN-␣ stimulation, subconfluent U6A cells constitutively expressing FL-STAT2 or a mutant were transfected with pISRE-EGFP. At 24 h after transfection, the cell lysate was analyzed by Western blotting using an anti-GFP antibody (anti-GFP). At the same time, U6A cells were transfected with pCAG-EGFP, and the cell lysate was used as an external standard. C, EGFP reporter assay for signal transduction of IFN-␣ using U6A cells. To estimate the strength of the response to IFN-␣, subconfluent U6A cells and cells constitutively expressing FL-STAT2 or a mutant were transfected with pISRE-EGFP and an expression plasmid for FL-C or FL-Y3, and IFN-␣ (2,000 units/ml) was added at 16 h post-transfection. After 8 h, the cell lysate was analyzed by Western blotting using anti-GFP (anti-GFP), anti-actin, and anti-FL antibodies. Quantified intensity of EGFP calculated from three independent experiments is shown in the graph. An error bar indicates standard deviation. Signal intensity of actin was used as an internal standard in this figure. Inhibition mechanism of the STAT1:STAT2 heterodimer between Y3 W125A and the disulfide-bonded STAT1ND: STAT2ND heterodimer. Because the STAT1ND:STAT2ND heterodimer was immobilized on an NTA sensor chip via the histidine tag, the Y3 W125A mutant without the histidine tag should be used as an analyte. The analyte was prepared by digestion of ProS-Y3 W125A , in which the histidine-tagged ProS2 was fused at the N terminus, with thrombin. Increased responsive unit (RU) values caused by the association of Y3 W125A with the disulfide-bonded STAT1ND:STAT2ND heterodimer were obtained by injecting different concentrations of Y3 W125A . Affinity analysis showed that our experimental data fitted well to a 1:1 binding mode, indicating that one molecule of Y3 W125A binds to the disulfide-bonded STAT1ND:STAT2ND heterodimer (Fig. 8E ). The dissociation constant (K d ) of the heterodimer for Y3 W125A was determined to be 0.065 Ϯ 0.032 M. Y3 W125A may have a stronger affinity for the STAT1ND: STAT2ND heterodimer than for the STAT1ND homodimer (the K d1 and K d2 values for the STAT1ND homodimer were determined to be 0.68 Ϯ 0.17 and 0.49 Ϯ 0.08 M, respectively) (33) , although the methods used to estimate the dissociation constant were different. In addition, stoichiometry in the fully Y3-bound disulfide-bonded STAT1ND:STAT2ND heterodimer was analyzed on the basis of the intensity of band signals of STAT2ND H85C (supplemental Fig. S4A ) and Y3 (supplemental Fig. S4B ). According to the standard curves to determine concentrations of STAT2ND H85C and Y3, the prepared complex contained almost equimolar concentrations of STAT2ND H85C and Y3 (supplemental Fig. S4C ), supporting the results obtained by the SPR experiments.
Discussion
We previously reported that the association of one molecule of C protein with the STAT1ND homodimer could cause reduction of phosphorylated STAT1 molecules, whereas the association of two molecules of C protein causes reduction of intact STAT1 molecules by complex formation, thereby inhibiting IFN-␥ signaling (33) . C protein is also known to inhibit IFN-␣-induced phosphorylation of STAT1 and STAT2 mole- After an additional incubation for 9 h, the cells were superinfected with rVSV-EGFP. After further incubation for 10 h, cell lysates were prepared to estimate the expression levels of rVSV-EGFP-derived EGFP and SeV C protein by Western blot analysis. B, ratio of EGFP expression in IFN-␣-treated SeV-infected cells to that in mock-infected cells. C, to monitor the signal transduction of IFN-␣ in SeV-infected cells, subconfluent U6A cells were transfected with pISRE-EGFP. After 10 h, the cells were infected with SeV as mentioned above. The cells were incubated with serum-free DMEM for 4 h at 37°C, followed by the addition of IFN-␣ (2,000 units/ml) to the culture medium. After an additional incubation for 9 h, the cell lysate was analyzed by Western blotting. Relative densities of EGFP in A and C are shown as a bar graph, in which density of EGFP in the IFN-␣-untreated mock-infected cells was normalized to 1.
Inhibition mechanism of the STAT1:STAT2 heterodimer
cules, which is thought to be important for escaping from host innate immunity.
Because C protein is unable to directly interact with STAT2, the mechanism by which STAT2 phosphorylation is inhibited has remained elusive. STAT1ND, which has a strong affinity toward C protein, is expected to interact with the N-terminal domain of STAT2 (STAT2ND) on the basis of the sequence similarity. However, no interactions between N-terminal domains of hetero-STAT proteins have been detected by using the yeast two-hybrid system (35) . Thus, the N-terminal domain of STATs is believed to specifically form a homodimer, not a heterodimer. On the other hand, it was recently shown by equilibration sedimentation analysis with proteins prepared from a Baculovirus expression system that STAT1ND can bind to STAT2ND with significantly strong affinity (36) . Although our gel-filtration results did not support the strong affinity of STAT1ND with STAT2ND, STAT1ND might have the potential to form a heterodimer with STAT2ND.
Gly-rich linkers have been proven to be useful to gain structural insights for weak or transient interactions by creating a covalent link between the structural elements (37) . For example, an interaction between P and NP proteins from measles virus in the family Paramyxoviridae was determined by using X-ray and NMR techniques with the help of a Gly-rich linker peptide (38) . In this study, we demonstrated that STAT1ND can associate with STAT2ND with the help of a Gly-rich linker or artificial disulfide bond. The use of a Gly-rich linker was also shown to be helpful for detecting the possible heterodimerization between proteins that each easily forms a stable homodimer.
By using STAT2 mutants with decreased affinity with STAT1ND, the interaction between STAT1ND and STAT2ND was found to be important for Y3 to inhibit IFN-␣ signaling. Additionally, one molecule of Y3 was suggested to associate with the heterodimeric structure of STAT1ND and STAT2ND (Fig. 8) , in contrast to previous results showing that two molecules of Y3 associate with the homodimeric structure of STAT1ND. Although two Y3-binding sites are formed at the dimer interface in the STAT1 homodimer, Y3 mainly interacts with one of the two STAT1ND subunits. Therefore, a Y3 molecule is likely to be accommodated into one of the two possible Y3-binding sites in the STAT1ND:STAT2ND heterodimer, where Y3 mainly interacts with STAT1ND.
It was still unclear how the formation of a tertiary complex by STAT1, STAT2, and C proteins leads to the inhibition of STAT2 phosphorylation. However, the STAT1:STAT2 heterodimer is assumed to be dephosphorylated in the same manner as the STAT1 homodimer. We propose the following scenario for Proteins in fractions eluted from a mixture of the disulfide-bonded STAT1ND:STAT2ND heterodimer and 10-fold excess of Y3 W125A were separated by SDS-PAGE, followed by silver staining and Western blotting using an anti-C antibody. E, binding of Y3 W125A to the disulfide-bonded STAT1ND:STAT2ND heterodimer immobilized on the sensor chip. The maximal increase in RU indicates that one molecule of Y3 W125A binds to the STAT1ND: STAT2ND heterodimer. The graph shows the binding ratio against the concentration of Y3 W125A . Each point in the graph corresponds to experimental data, whereas the curve is theoretically drawn. The inset shows the change in sensorgrams after injecting Y3 W125A . RU just before immobilization of the disulfidebonded STAT1ND:STAT2ND heterodimer was set to 0.
Inhibition mechanism of the STAT1:STAT2 heterodimer C protein-mediated inhibition of STAT2 phosphorylation. One molecule of C protein associates with the dimeric structure formed between STAT1ND and STAT2ND. Thus, the C proteinbound STAT1:STAT2 heterodimer is induced to take an antiparallel form, which is easily dephosphorylated.
Seven STAT proteins (STAT1-4, -5a, -5b, and -6) have been identified in humans. These proteins are crucial to transduce the signaling of numerous ligands into the nucleus, including cytokines, growth factors, and hormones. Dysregulated activation of STAT signaling is involved in chronic inflammation and cancer, including blood malignancies and solid tumors (39, 40) . Recently, it was reported that the loss of interaction between N-terminal domains of STAT1 causes a collapse of bacterial resistance in mice (41) . In addition, the loss of interaction between N-terminal domains of STAT3 has been suggested to be involved in inflammatory hepatocellular adenoma in humans (42) . In U6A-STAT2 R88E-R92E cells, specific activity of the ISRE promoter induced by IFN-␣ was significantly impaired (Figs. 6 and 7A), and the antiviral effect of IFN-␣ was also reduced (Fig. 7, A and C) . Detailed characterization of the cells, especially in terms of the relationship with disease, will be awaited.
The current study showed that C protein has a STAT1-dependent mechanism for inhibition of STAT2 phosphorylation. On the other hand, the results also showed that C protein can inhibit the phosphorylation of STAT2 through a different mechanism in which interaction between STAT1ND and STAT2ND is unnecessary. IFN-␣-induced phosphorylation of Tyk2 has been reported to be inhibited in SeV-infected cells (43) , although the mechanism is unclear. C protein may inhibit the phosphorylation of Tyk2, leading to the inhibition of phosphorylation of STAT1 and STAT2 by Tyk2. A study to understand the alternative mechanism is now in progress.
Experimental procedures
Cells, antibodies, and viruses
293T cells, which are human embryonic kidney cells expressing simian virus 40 T antigen, and HeLa cells (CCL-2; human cervical cancer-derived cells) were purchased from RIKEN Cell Bank and ATCC, respectively. U3A cells (STAT1-null cells) and U6A cells (STAT2-null cells), of which the parent cells are 2fTGH cells (human fibrosarcoma cells), were purchased from DS Pharma Biochemical (Osaka, Japan). These cells were propagated in Dulbecco's modified minimum essential medium (DMEM) supplemented with 10% fetal calf serum (Biological Industries, Kibbutz, Israel) and 100 units/ml of penicillin G, 100 g/ml of streptomycin (Invitrogen). To maintain U3A and U6A cell lines constitutively expressing proteins by using the pKS336 vector, the medium was additionally supplemented with 10 g/ml of blasticidin S (Wako Pure Chemical Industries, Osaka, Japan). Mouse monoclonal antibodies against HA tag (G036; Abcam), FLAG tag (M2; Sigma), STAT1 (610185; BD Transduction Laboratories), and actin (MAB1501; Chemicon International), rabbit monoclonal antibodies against Tyr 701phosphorylated STAT1 (sc-7988-R; Santa Cruz Biotechnology) and Tyr 690 -phosphorylated STAT2 (sc-21689-R; Santa Cruz Biotechnology), and rabbit polyclonal antibodies against green fluorescent protein (GFP) (sc-8334; Santa Cruz Biotechnology) and STAT2 (C-20, sc-476; Santa Cruz Biotechnology) were used according to the manufacturer's instructions. Anti-SeV C rabbit antiserum was generated by using purified Y3 protein as an antigen. rVSV-EGFP was described previously (12) . Wild-type SeV derived from a cDNA of the Z strain was propagated in embryonated chicken eggs (44) , and infectivity was measured using an immunofluorescent infectious focus assay and expressed as cell infectious units/ml (45) .
Plasmid construction
The cDNA fragments encoding N terminally HA-tagged STAT1 lacking the N-terminal domain (HA-STAT1⌬N; aa 132-750), N terminally HA-tagged STAT2 (HA-STAT2), N terminally FLAG-tagged STAT2 (FL-STAT2; aa 1-851), N terminally FLAG-tagged STAT2 lacking the N-terminal domain (FL-STAT2⌬N; aa 135-851), and EGFP were prepared by using PCR and subcloned into the pCAGGS vector under control of the chicken ␤-actin promoter (46) to generate pCAG-HA-STAT1⌬N, pCAG-HA-STAT2, pCAG-FL-STAT2, pCAG-FL-STAT2⌬N, and pCAG-EGFP, respectively. For the expression of R88E and R88E-R92E mutants of FL-STAT2 (FL-STAT2 R88E and FL-STAT2 R88E-R92E ), mutations were introduced into the pCAG-FL-STAT2 using a KOD-Plus Mutagenesis Kit (TOYOBO). For preparation of cell lines with constitutive protein expression, the cDNA fragments of FL-STAT2 and its mutants were subcloned into the pKS336 vector that had the human elongation factor promoter and blasticidin S-resistant gene (47) . pCAG-HA-STAT1, an expression plasmid for N terminally HA-tagged STAT1 (HA-STAT1; aa 1-750), and pCAG-FL-C and pCAG-FL-Y3, expression plasmids for N terminally FLAG-tagged SeV C (FL-C; aa 1-204), and Y3 (FL-Y3; aa 99 -204), respectively, were described previously (33) . pISRE-EGFP, which possesses an ISRE element upstream of the egfp gene, was described previously (48) .
For bacterial expression, cDNA fragments encoding Y3 and STAT1ND were cloned into the NdeI-XhoI sites of the original or the modified pCold ProS2 vector (33) . For expression of the W125A mutant of Y3 (Y3 W125A ), mutagenesis was performed using a KOD-Plus Mutagenesis Kit. For the expression of a fusion protein of STAT1ND with STAT2ND via a linker peptide (STAT1ND:STAT2ND fusion protein), the DNA fragment encoding STAT1ND was cloned into the NdeI-XhoI sites of the original pCold ProS2 vector to generate pCold ProS2-STAT1ND. Then the DNA fragment encoding the N-terminal domain of STAT2 (STAT2ND; aa 1-129) was inserted just after the His-tag sequence of pCold ProS2-STAT1ND using an In-Fusion HD Cloning Kit (Clontech). The resulting plasmid was amplified by PCR with a forward primer, 5Ј-GGAATTCCAT-ATGTCTCAGTGGTACGAACTTCAG-3Ј (underline indicating an EcoRI site), and reverse primer 1, 5Ј-GGAATTCAGAACC-ACCGCCACCGCTCCCACCGCCGCCAGAACCGCCACC-TCCTGAGCTTTGTTCCAATTGGG-3Ј (underline indicating an EcoRI site). The PCR product was digested with EcoRI, followed by self-ligation to generate an expression plasmid for the fusion protein of STAT1ND with STAT2ND via a short linker peptide. To extend the length of the linker peptide, the resulting plasmid was amplified by PCR with the aforemen-Inhibition mechanism of the STAT1:STAT2 heterodimer tioned forward primer and reverse primer 2, 5Ј-GGAATTCG-GTACCGCCTCCGCCGGAACCACCACCGCCAGAACCA-CCGCCACC-3Ј (underline indicating an EcoRI site), followed by digestion with EcoRI and self-ligation. The process was repeated using the forward primer and reverse primer 3, 5Ј-GGAATTCTGATCCTCCACCTCCTGATCCTCCGCCTC-CGGTACCGCCTCC-3Ј (underline indicating an EcoRI site), generating an expression plasmid for STAT1ND fused with STAT2ND via a Gly-and Ser-rich linker peptide of 40 aa in length. For expression of the STAT1ND:STAT2ND R88E and STAT1ND:STAT2ND R88E-R92E fusion proteins, which have mutation in the STAT2ND sequence of the STAT1ND: STAT2ND fusion protein, mutagenesis was performed using a KOD-Plus Mutagenesis Kit. For constructing a recombinant protein with a disulfide-bonded heterodimeric structure of STAT1ND and STAT2ND (disulfide-bonded STAT1ND: STAT2ND heterodimer), the cDNA fragment encoding the H19C mutant of STAT1ND (STAT1ND H19C ), of which the amino terminus was linked to the carboxyl terminus of the H85C mutant of STAT2ND (STAT1ND H85C ) via the linker peptide NH 2 -LELVPRGSSSGGGGSGGGGSGGGGSGGGGS-GGGGTGGGGSGGGGSEFLVPRGSGS-COOH (underline indicating a thrombin-recognition site), was synthesized by Integrated DNA Technologies (Coralville, IA) and cloned into the NdeI-XhoI sites of the modified pCold ProS2 vector.
Co-immunoprecipitation and Western blotting
HeLa cells in a 12-well plate were transfected with the indicated plasmids using FuGENE HD reagent (Promega). After 24 h, the cells were solubilized in 0.25 ml of Nonidet P-40 lysis buffer (1% Nonidet P-40, 25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 5% glycerol and Complete Mini Protease Inhibitor Mixture (Roche Diagnostics)). Cell lysates were immunoprecipitated with an anti-FLAG antibody together with protein G-Sepharose (GE Healthcare). The immunoprecipitates were washed three times with cell lysis buffer and once with wash II buffer (50 mM Tris-HCl (pH 7.4), 50 mM NaCl, and 5 mM EDTA) and then analyzed by Western blotting using an anti-HA or anti-FLAG antibody after separation by SDS-PAGE. Protein bands were detected by using horseradish peroxidase (HRP)-conjugated anti-mouse IgG antibody and Luminata Forte Western HRP Substrate (Millipore), followed by analysis using a LumiCube imaging analyzer (Liponics, Tokyo, Japan). A part of the cell lysates was also processed for SDS-PAGE and Western blotting to confirm protein expression.
Reporter assay
For IFN-␣/␤ signal transduction, subconfluent 293T cells in a 35-mm dish were transfected with pISRE-EGFP (0.5 g) and one of the C expression plasmids (0.5 g) using FuGENE HD reagent, and IFN-␣ (20 units/ml; Mochida Pharmaceutical, Tokyo, Japan) was added to the culture medium at 6 h posttransfection. At 24 h, photographs were taken under an immunofluorescent microscope (TE2000-S; Nikon). When using U6A cells constitutively expressing FL-STAT2, FL-STAT2 R88E , or FL-STAT2 R88E-R92E , subconfluent cells in a 24-well plate were transfected with pISRE-EGFP (1 g) together with pCAG-FL-C (0.4 g) or pCAG-FL-Y3 (1 g) using FuGENE HD re-agent. The amount of pCAG-FL-C was adjusted so that the expression level of FL-C became equivalent to that of FL-Y3. At 16 h after transfection, the culture medium was replaced by a fresh medium supplemented with IFN-␣ (2,000 units/ml). At 24 h, cells were observed under a fluorescent microscope, and cell lysates were subsequently prepared for Western blot analysis using an anti-GFP antibody and an anti-actin antibody. Protein bands were visualized as described above. Band signals were quantified using ImageJ version 1.47 (National Institutes of Health, Bethesda, MD). Band intensities of actin were used for calibration among samples. Standard deviations were calculated from the data of at least three experiments.
Protein preparations
Expression of wild-type Y3, Y3 W125A , or ProS2-Y3 W125A was carried out in E. coli BL21(DE3) CodonPlus RIL (Novagen) at 15°C for 24 h by induction with 0.2 mM isopropyl 1-thio-␤-Dgalactopyranoside, and expression of the STAT1ND:STAT2ND fusion protein was carried out in E. coli BL21(DE3)pLysS (Novagen) in a similar manner. All proteins were N terminally histidine-tagged and purified by nickel affinity chromatography using His-Bind Resin (Novagen) according to the supplier's instruction manual. For preparation of the disulfide-bonded STAT1ND:STAT2ND heterodimer, the STAT1ND H19C : STAT2ND H85C fusion protein was digested by thrombin using a Thrombin Cleavage Capture Kit (Novagen) according to the supplier's instruction manual in the presence of 0.5 mM cystine and was separated from the linker peptide by using nickel affinity chromatography. For preparation of the histidine tag-less Y3 W125A , ProS2-Y3 W125A was digested by thrombin, and the histidine-tagged ProS2 was removed by using His-Bind Resin. For preparation of the complex of disulfide-bonded STAT1ND: STAT2ND heterodimer with Y3 or Y3 W125A , a large-scale supernatant from Y3-or Y3 W125A -expressing E. coli cell lysate was mixed with the disulfide-bonded STAT1ND:STAT2ND heterodimer and separated from free Y3 or Y3 W125A by gel filtration chromatography equilibrated with the above buffer containing 0.5 mM cystine instead of 1 mM dithiothreitol.
Protein concentrations of Y3, Y3 W125A , ProS2-Y3 W125A , histidine tag-less Y3 W125A , STAT1ND:STAT2ND fusion protein, and disulfide-bonded STAT1ND:STAT2ND heterodimer were determined by measuring the absorbance at 280 nm using the molar extinction coefficients 22,460, 16,960, 25,900, 16,960, 44,920, and 37,840 M Ϫ1 cm Ϫ1 , respectively.
Size-exclusion chromatogram analysis
A portion of the protein solution was injected into HHa Superdex 200 10/300 GL HPLC column (GE Healthcare) equilibrated with 0.1 M Tris-HCl buffer (pH 8.0), containing 100 mM NaCl at room temperature at a flow rate of 0.7 ml/min. The column was calibrated with a Gel Filtration Calibration Kit (GE Healthcare).
Small angle X-ray scattering analysis
All of the SAXS measurements were carried out at 4°C. SAXS measurement of the STAT1ND:STAT2ND fusion protein was performed with a BioSAXS1000 system mounted on a MicroMax007HF X-ray generator (Rigaku, Tokyo, Japan).
Inhibition mechanism of the STAT1:STAT2 heterodimer
Samples in a buffer containing 20 mM Tris-HCl (pH 7.6), 0.1 M NaCl, 5% (v/v) glycerol, 1 mM EDTA, and 1 mM DTT were used for SAXS measurement. A PILATUS100K detector (DECTRIS, Baden-Dättwil, Switzerland) at a distance of 484 mm from the sample was used to measure scattering intensities. The X-ray wavelength was 1.5418 Å. One-dimensional scattering data I(q) as a function of q (q ϭ 4sin/, where 2 is the scattering angle and is the wavelength) were obtained through radial averaging by using the program SAXSlab (Rigaku). SAXS measurements of the thrombin-digested STAT1ND:STAT2ND fusion protein and its Y3-bound form were performed on the BL15A2 beamline at the Photon Factory (Tsukuba, Japan). To remove aggregated proteins, samples were purified by Superdex 200 10/300 GL size-exclusion chromatography (GE Healthcare) before SAXS measurements. Samples in a buffer containing 20 mM Tris-HCl (pH 7.6), 0.2 M NaCl, 1 mM EDTA, and 0.5 mM cystine were used. A PILATUS2M detector (DECTRIS) at a distance of 1603 mm from the sample was used. The X-ray wavelength was 1.2184 Å. Radial averaging of scattering intensity was performed by the program SAnglar (49) . Because no inter-particle interference was detected at several protein concentrations, I(q) data from different protein concentrations were merged and then used for structural analysis. SAXS data are summarized in supplemental Fig. S5 and Table S1 . All data were processed by using software applications embedded in the ATSAS package (50) . The radius of gyration R g and forward scattering intensity I(0) were estimated from the Guinier plot of I(q) in the smaller angle region of qR g Ͻ 1.3. The distance distribution function P(r) was calculated by the program GNOM (51). The maximum particle dimension D max was estimated from the P(r) function as the distance r for which P(r) ϭ 0 (52). The molecular weight of the sample was estimated by comparing I(0)/c (where c is the protein concentration) of the sample to that of standard protein: ovalbumin, BSA, lysozyme, RNase A, and ubiquitin. Dummy atom models were produced by the program DAMMIF (53) . Ten independently calculated, low-resolution dummy atom models were averaged by the program DAMAVER (54) . Superposition of the molecular envelopes and model structures was performed by the program SUPCOMB (55) . An ensemble model of the STAT1ND:STAT2ND fusion protein was built by the program EOM version 1 (56) . Theoretical I(q) from the model structure was calculated by the program CRYSOL (57) .
IFN-␣ treatment of SeV-infected cells
U6A cells in 12-well plates were infected with SeV at a multiplicity of infection of 15. After 1-h incubation at 37°C, inocula were removed and supplemented with serum-free DMEM at 37°C for 4 h, followed by the addition of IFN-␣ (2,000 units/ ml). After an additional 10-h incubation, the cells were superinfected with rVSV-EGFP at a multiplicity of infection of 5 and incubated at 37°C for 9 h. GFP expression was observed using an immunofluorescent microscope. The cells were then lysed in SDS sample buffer, and proteins were analyzed by SDS-PAGE followed by Western blotting using anti-GFP and anti-C protein antibodies. Protein bands were visualized and analyzed as described above.
Surface plasmon resonance
SPR experiments were performed at 25°C using a Biacore X system (Biacore). For the interaction analysis, proteins were prepared in a buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl, and 50 M EDTA and 0.01% Tween 20. All experiments were performed using an NTA sensor chip (GE Healthcare) and the same buffer at a flow rate of 10 l/min. For each cycle, the chip was activated by injecting 50 l of 0.5 mM NiCl 2 over the flow cell, and the purified disulfide-bonded STAT1ND: STAT2ND heterodimer was immobilized. As a result, a RU of 630 Ϯ 50 was achieved. Different concentrations of histidine tag-less Y3 W125A (ranging from 0.04 to 20 M) were flowed in the cell for 180 s. The affinity analysis was done using the binding responses recorded at 120 s after injection of each concentration of Y3 W125A . RU values obtained by the injection of each concentration of Y3 W125A using an unimmobilized sensor chip were used as a reference. Each experiment was done in duplicate with similar results. 
